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FAA  RADARS  AND  THEIR  DISPLAY  OF  SEVERE  WEATHER  (THUNDERSTORMS) 


1.  INTRODUCTION 

In  the  Phase  I  National  Severe  Storms  Laboratory  (NSSL)  report  on  this 
investigation  of  severe  weather  portrayal  on  FAA  Air  Traffic  Control  (ATC) 
radars,  Zittel  [1978]  summarized  some  causes  of  severe  thunderstorms  and 
explained,  logically,  several  shapes  and  patterns  characteristic  of  their 
radar  echoes.  Since  precipitation  is  carried  by  (and  therefore  traces)  the 
airflow  in  and  beneath  storm  clouds,  the  shapes  of  radar  echoes  relate  mainly 
to  the  configuration  of  rising  and  descending  currents.  The  configurations 
of  echoes  from  severe  storms  change  with  time  as  the  drafts  become  laterally 
separated,  and  ascending  cyclonic  (counter-clockwise)  circulations  become 
organized.  This  organization  encourages  the  regenerative  precipitation  proc¬ 
ess  within  the  storm;  while  rate  of  rise  and  fall  of  air  (again,  within  the 
storm)  controls  conversion  of  cloud  moisture  to  rain,  and  affects  suspension 
and  growth  of  hail  aloft.  The  stability  and  duration  of  the  radar  echo  are 
intrinsic  to  these  processes. 

Because  radar  return  is  substantially  from  raindrops  (average  diameter 
about  2  mm),  shape  and  intensity  of  echo  on  air  traffic  controllers'  PPI 
scopes  reflect  the  three-dimensional  distribution  of  rain  occurring  every¬ 
where  within  the  radar  beam.  Also,  since  present  day  operational  radars  do 
not  "see"  wind  and  air  flow  patterns  directly,  controllers  must  infer  the 
presence  of  turbulence,  strong  outflow  gusts,  and  tornadoes  from  reflectivity 
structure,  and  must  envision  rain  configured  in  response  to  organized  flow 
within  the  storm.  By  experience  we  have  learned  that  when  organized  storms 
persist,  sharp  boundaries  develop  between  rain-cooled  air  in  the  downdraft 
and  warm  moist  air  in  the  updraft — boundaries  which  become  local  line  squalls 
with  strong  gusts,  heavy  rain  and  severe  turbulence.  If  cyclonic  rotation 
develops  within  the  cloud,  then  along  these  boundaries,  tornadoes  also  are 
possible. 

In  summary,  the  problem  forecasters  and  controllers  must  face  in  inter¬ 
pretation  of  radar  displays  of  severe  storms  is  early  recognition  of  echo 
patterns  which  signal  that  specific  conditions  are  developing  within  the 
storm  cloud.  This  report  considers  unique  distributions  of  rain  and  hail 
within  severe  thunderstorms  and  the  probable  effect  on  echo  intensities  aeen 
on  FAA  ATC  radars  and  National  Weather  Service  weather  radars.  Table  1  lists 
the  comparative  radar  beam  characteristics  of  the  FAA  and  NWS  radars  con¬ 
sidered  applicable  to  the  discussions  in  this  report.  As  in  Zittel's  report, 
it  is  expected  that  criteria  described  here  may  help  develop  operational 
guidelines  for  recognizing,  and  thus  helping  aircraft  avoid  dangerous  storms. 

The  effects  of  various  FAA  radar  parameters  and  selectable  operating 
modes  were  described  in  the  Phase  I  NSSL  report  by  Zittel,  with  emphasis  on 
airport  surveillance  radars  (ASR) .  These  considerations  also  are  generally 
applicable  to  the  air  route  surveillance  radars  (ARSR) ,  while  recognizing 


their  lower  PRF  (nominally  360)  and  lower  antenna  rotation  rate  (5-6  RPM). 
This  report  examines  the  FAA  radars  with  their  present  characteristic  param¬ 
eters  and  selectable  operating  modes.  The  inherent  capabilities  of  various 
FAA  radars  for  weather  detection  in  comparison  with  the  WSR-57  performance  has 
been  studied  through  simulation  and  analysis  of  some  field  measurements  by  the 
Applied  Physics  Laboratory  (APL),  of  the  Johns  Hopkins  University,  and  the 
report  is  expected  to  be  published  soon.  In  the  APL  study,  the  FAA  radars  uti¬ 
lized  operational  modes  and  adjustments  optimized  for  weather  performance. 

An  overall  way  being  considered  by  the  FAA  for  improving  the  weather  perform¬ 
ance  of  their  existing  and  planned  new  model  ATC  radars,  for  replacement  and 
establishment  of  newly  qualified  facilities,  is  the  incorporation  of  a  separate 
weather  receiving  channel  that  would  be  designed  for  best  possible  detection 
and  calibration  of  especially  the  more  intense  reflectivity  levels.  The 
weather  returns  would  bypass  the  significant  weather  reduction  effect  of  the 
circular  polarization  mode,  when  it  is  operationally  selected  to  enhance  air¬ 
craft  detection  during  precipitation.  The  weather  degrading  effects  of  the 
STC  waveform  that  is  adjusted  differently  at  each  radar  site  for  best  air¬ 
craft  target  detection  would  be  eliminated.  Special  ground  clutter  filtering 
would  be  designed  for  ground  and  slowly  moving  clutter  suppression  coupled 
with  best  possible  performance  of  calibrated  weather  received  over  ground 
clutter.  It  may  even  be  possible  with  some  models  of  airport  surveillance 
radars  to  minimize  multiple  trip  weather  if  the  PRF  of  one  of  the  two  diplexed 
radar  channels,  utilized  for  weather,  was  automatically  lowered  during  trouble¬ 
some  periods;  or  the  multiple  trip  weather  could  perhaps  be  automatically 
sensed  and  eliminated.  When  and  if  certain  weather  performance  improvement 
modifications  are  incorporated,  operational  guidelines  may  need  to  be  recon¬ 
sidered.  This  report  may  also  be  helpful  in  pointing  out  the  desirability 
for  incorporating  selective  modifications. 

Amost  all  FAA  air  route  surveillance  radars  utilize  the  narrower-beam 
characteristics  of  the  ARSR-2.  The  figures  in  this  report  are  for  the  wider- 
beam  ARSR-1L  (ID)  antenna  characteristics.  Comparisons  of  the  weather  per¬ 
formance  of  the  ARSR-lD  and  ARSR-2  radars  are  included  in  the  above  referenced 
APL  report;  and  the  weather  performance  differences  should  be  considered  in 
the  development  of  the  operational  guidelines. 


2.  PAST  RESEARCH  AND  RELEVANT  FINDINGS 

First,  it  should  be  emphasized  that  accurate  measurement  of  precipitation 
rate  and  detection  of  hail  are  extremely  difficult  even  with  a  carefully  cali¬ 
brated  narrow  beam  meteorological  radar,  because  the  precipitation  particle 
parameters  which  determine  radar  reflectivity  are  not  uniquely  related  to 
precipitation  mass.  With  FAA  radars  optimized  for  detection  of  aircraft  by 
use  of  wide  vertical  beams,  precipitation  measurement  is  more  difficult 
because  the  return  indicated  at  any  point  on  the  plan-position  display  actu¬ 
ally  represents  an  average  over  a  large  vertical  depth.  Controllers  must 
always  be  aware  of  the  coarseness  of  their  radar's  beam  in  searchlighting 
storms — and  realize  that  as  storm  range  increases,  the  radar  is  sampling  a 
larger  volume  with  gradual  loss  of  the  detail  that  may  be  needed  to  identify 
severity. 


3 


By  using  guidelines  for  severe  storm  recognition,  and  by  making  judi¬ 
cious  use  of  other  weather  observations,  thunderstorms  hazardous  to  aircraft 
should  usually  be  identifiable  without  exact  reflectivity  measurements.  How¬ 
ever,  to  provide  an  increased  margin  for  safety,  criteria  for  severe  storms 
are  lowered  to  include  all  storms  of  moderate  intensity  and  higher;  this  pro¬ 
cedure  slightly  reduces  the  airspace  deemed  suitable  for  flight  by  en  route 
aircraft. 

Recent  tests  of  radar  displays  remoted  from  Air  Traffic  Control  (ATC) 
radars  to  Flight  Service  Stations  in  Texas  and  Oklahoma  have  shown  that 
enough  information  can  be  provided  over  voice  grade  telephone  links  to  guide 
general  aviation  aircraft  (without  onboard  radars)  around  storms  [Wilk,  1976]. 
Of  course,  severe  storms  in  the  Southwest  usually  have  very  high  tops,  are 
well  organized  and  contain  a  volume  of  rain  and  hail  sufficiently  large  to 
fill  (or  nearly  fill)  even  the  broad  beams  of  ATC  radars.  Thus,  reflectivity 
displays  of  these  large  storms  during  their  mature  stage  are  similar  to  their 
display  on  the  NWS  WSR-57  radar,  to  a  range  of  at  least  60  n.mi.  (Ill  km). 

Other  types  of  storms  and  rainshowers  are  perceived  differently  by  the 
fan-beam  ATC  radars  and  the  cone-beam  WSR-57  and  74  radars.  When  the  atmos¬ 
phere  is  abnormally  unstable  (usually  because  of  rather  cold  air  aloft)  and 
there  is  insufficient  moisture  to  create  large  areas  of  heavy  rain,  storms 
with  very  strong  updrafts  may  still  produce  hail,  dangerous  turbulence  and 
tornadoes,  with  modest  reflectivities  at  ground  level.  In  this  case,  the  ATC 
radars  may  perceive  strong  reflectivities  aloft  while  the  WSR  radars  scanning 
in  azimuth  at  low  elevation  angles,  perceive  lesser  reflectivities.  On  the 
other  hand,  when  tropical  cyclones  or  low-level  jet  streams  carry  copious 
amounts  of  water  vapor  inland,  large  convective  rainshowers  may  produce  strong 
echoes  both  on  WSR  and  ATC  radars.  Although  no  hail  or  strong  wind  gusts 
occur,  rain  and  turbulence  may  adversely  affect  passenger  comfort;  though 
rarely  do  such  showers  require  the  National  Weather  Service  to  issue  public 
warnings. 

By  knowing  air  mass  characteristics  which  accompany  ^cause)  the  rain 
and  associated  radar  echoes,  a  controller  can  better  interpret  the  meaning 
of  reflectivities  being  displayed,  and  probably  will  anticipate  severe 
weather.  This  interpretation  is  explored  further  in  section  3. 

With  this  brief  outline  of  characteristics  of  storm  and  echo  growth, 
there  are  several  previous  studies  which  provide  insight  concerning  strengths 
and  shortcomings  of  ATC  radars  for  accurate  and  timely  display  of  storm 
reflectivities . 

In  1971,  Pell  analyzed  10-dB  intensity  contours  of  radar  images  from 
hailstorms  in  Alberta,  Canada  (measured  with  an  AN/FPS/502  radar  at  RCAF 
station  Penhold).  Like  FAA  ATC  radars,  this  10-cm  radar  has  a  narrow  hori¬ 
zontal  beam  (1.2  deg.)  and  a  wide  vertical  beam — 4n  fact,  three  wide  vertical 
beams  of  5,  7,  and  9  deg.  with  each  beam  axis  tilted  to  provide  a  small  over¬ 
lap.  For  comparison,  he  also  had  data  from  a  very  narrow  conical  beam  radar 
(0.75  deg.)  which  was  tilted  sequentially  at  0.5  deg.  intervals.  The  storms 
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Pell  studied  produced  golf-ball  sized  hail  and  peak  reflectivities  of  50  dBZ. 
By  comparing  and  summing  the  contoured  reflectivity  data  (constructed  manually 
from  film  sequences)  for  the  three  broad  beams  and  the  narrow  beam  radars,  he 
determined  that  the  composite  view  of  total  storm  reflectivity  was  a  very  use¬ 
ful  measure  of  storm  severity.  One  such  storm  is  illustrated  in  Figure  1. 

A  short  time  later.  Pell's  conclusion  gained  support  when  Greene  and  Clark 
[1971]  compared  vertically  integrated  reflectivity  data  with  severe  storm 
occurrences  in  Oklahoma.  All  concluded  the  total  contribution  of  high  liquid 
water  content  plus  hail  suspended  aloft  causes  the  vertically  integrated 
reflectivity  to  be  a  precursor  of  severe  weather  events  at  the  surface. 


In  1978,  Dobson  et  al.  examined  the  effect  of  vertical  integration 
theoretically  by  superimposing  severe  storm  reflectivity  profiles  (obtained 
with  relatively  narrow,  conical  beam  radars)  on  the  broad  beam  patterns  of 
FAA  ATC  radars.  This  study  shows  that  detection  by  the  ATC  radar  of  strong 
reflectivities  aloft  in  severe  storms  leads  to  larger  reflectivities  than 
perceived  via  narrow  beam  radars  which  illuminate  low  altitudes  especially 
at  short  rcnge. 


Finally,  operational  tests  at 
Midland,  Texas,  and  Oklahoma  City  Flight 
Service  Stations,  have  confirmed  that 
ARTCC  (or  ARSR)  radars  can  provide 
sufficient  information  to  locate  most 
dangerous  storms  [Wilk,  1976]. 

Now  the  question  arises — can 
approach  control  radars,  with  slightly 
wider  beam  patterns  and  hence  slightly 
less  accurate  reflectivity  estimates 
than  ARTCC  radars,  also  provide  ade¬ 
quate  warning?  To  answer  this  ques¬ 
tion,  we  must  establish  reflectivity 
thresholds  for  the  storms;  which  will 
in  turn  establish  critical  vertically 
integrated  reflectivity  values  for 
the  ASR  radar.  Of  course,  these  values 
degrade  in  the  presence  of  other 
weather  suppression  characteristics  of 
the  radar's  mode  of  operation,  i.e., 
circular  polarization  (CP)  and  Moving 
Target  Indication  (MTI) . 

Once  we  establish  the  expected 
reflectivity  profile (s)  of  severe 
storms,  and  the  average  rate  of  devel¬ 
opment  from  first  echo,  we  can  predict 
whether,  when,  and  at  what  range  the 
ASR  (and  ARSR)  radar  echoes  signal  the 
controller  of  hail  and  possibly  other 
hazards. 


(a)  HIGH  BEAM 
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Figure  1.  Vertical  distribution  of 
precipitation  as  seen  by  a  multiple- 
beam,  air  traffic  control  radar 
[after  Fell,  1971). 
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NSSL's  data  from  individual  severe  thunderstorms  are  very  helpful  in 
defining  reflectivity  profiles  since  they  are  judged  typical  of  the  very 
large  storms  which  produce  tornadoes;  but  research  findings  concerning  lesser 
storms  and  structures  typical  of  other  geographical  areas  are  equally  impor¬ 
tant,  especially  where  radar  echo  intensities  have  been  related  to  contempo¬ 
raneous  characteristics  of  the  air  mass.  For  example,  Hamilton  [1966],  using 
the  3-cm  radar  at  McGill  University,  relates  the  height  of  precipitation 
accumulation  (Ze  maximum)  in  northern  latitude  thunderstorms  to  updraft 
velocity  and  energy  of  convection  (thermal  buoyancy)  derived  from  atmospheric 
soundings. 

Hamilton's  precipitation  profiles  (figure  2a)  show  also  the  development 
and  gradual  descent  of  heavy  rain  which  accumulates  during  early  stages  of 
storms  when  updrafts  are  very  strong.  Analysis  of  the  areal  coverage  of 
radar  reflectivity  as  a  function  of  height,  and  in  relation  to  surface  hail 
occurrences,  supports  the  conclusion  that  radar  echoes  (first  precipitation) 
in  most  severe  storms  begin  several  thousand  feet  above  the  altitude  where 
particles  can  freeze,  and  then  intensify  quickly.  In  fact  reflectivities 
may  exceed  30  dBZ  before  the  rain  (echo)  has  descended  below  cloud  base. 
Aircraft  penetration  of  Colorado  storms  confirms  hail  within  clouds  during 
early  stages  of  storm  development. 

Paraphrasing  the  description  of  Dennis  et  al.  [1970],  of  radar  observa¬ 
tions  of  severe  hailstorms  in  South  Dakota  (figure  2b) — "echoes  appear  first 
in  new  cloud  growth  at  32,000  ft  (10  km).  Radar  intensity  exceeds  50  dBZ 
before  the  peak  begins  to  descend,  suggesting  considerable  concentration  of 
precipitation  temporarily  supported  by  strong  updrafts.  The  rates  of  descent 
vary,  but  typically  are  about  10  m  s-^  (1900  ft  min-^).  Thus,  the  peaks 
arrive  at  the  ground  in  15-25  min." 

As  noted  by  Smith  et  al.  [1975],  most  numerical  models  of  clouds  indi¬ 
cate  higher  reflectivity  gradients  than  those  actually  observed — partly 
because  the  limited  spatial  resolution  of  radar  systems  smooths  the  actual 
gradients. 


2.1  First  Echo  Characteristics 

Generally,  first  precipitation  in  convective  clouds  forms  in  updrafts 
where  the  temperature  is  0°  to  -10°C.  The  liquid  cloud  droplets,  though  at 
a  temperature  below  the  freezing  point,  are  accreted  rapidly  by  the  first 
raindrops  and  frozen  particles,  which  increase  within  a  few  minutes  to  yield 
the  first  echo.  This  echo,  following  the  vertical  and  horizontal  expansion 
of  the  newly  formed  precipitation,  grows  quickly  as  more  and  more  of  the  radar 
beam  is  filled  with  an  increasing  number  of  large  raindrops.  The  rate  at 
which  the  first  echo  grows  in  size  and  intensity  depends  essentially  on  the 
strength  of  the  updraft  and  the  cloud  density  [Kessler,  1974],  Also,  it  has 
been  observed  that  the  higher  the  first  echo  forms,  the  more  likely  it  is 
that  severe  weather  (hail,  tornadoes,  and  strong  outflow)  will  follow. 
Donaldson  [1961]  indicated  this  first  with  radar  reflectivity  profiles  of 
storms  in  New  England. 
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Several  studies  have  shown  the  statistical  distribution  of  first  echoes 
from  developing  nonsevere  thunderstorms.  Johnson  and  Dungey  [1978]  found, 
in  studying  convective  clouds  in  Missouri,  the  majority  of  first  echoes  appear 
between  7500  ft  (2  km)  and  15,000  ft  (5  km).  Figure  3  summarizes  their  find¬ 
ings  in  projects  Whitetop  and  Metromex.  In  1976,  Carbone  et  al.  published 
similar  results  from  observing  first  echoes  in  Texas  (figure  4).  Both  studies 
show  strong  tendencies  for  precipitation  within  nonsevere  convective  thunder¬ 
storms  to  develop  first  at,  or  slightly  above,  the  freezing  level,  and  to 
grow  upward  and  downward  at  about  500  ft/min.  (2.5  m  s~^),  and  1500  ft/min. 
(7.6  m  s-1),  respectively.  Johnson  and  Dungey  [1978]  summarize  this  initial 
growth  schematically  as  a  parabolic  time-height  evolution  (figure  5).  The 
apex  (beginning)  of  this  growth  profile  is  between  the  0°C  level  and  an  upper 
bound  of  about  -40°C,  above  which  unfrozen  cloud  rarely  exists. 


Carbone  et  al.  [1976],  in  the  same  report  on  first  echo  growth,  described 
the  initial  development  of  two  contrasting  thunderstorms,  where  first  echoes 
appeared  at  17,000  ft  (5.3  km)  and  27,000  ft  (8.3  km)  with  corresponding  tem¬ 
peratures  of  -6°C  and  -27°C  and  later  development  of  maximum  reflectivities 
of  52  dBZ  and  67  dBZ,  respectively.  The  characteristics  of  these  echoes  are 
similar  to  those  observed  on  NSSL  radars  in  central  Oklahoma,  i.e.,  intense, 
but  nonsevere  storms  develop  first  echoes  between  0s  and  -10°C,  with  maximum 
reflectivities  briefly  greater  than  50  dBZ,  while  severe  storms  develop  first 
at  a  much  higher  altitude  and  produce  a  large  area  of  echo  greater  than  50  dBZ, 
and  maximum  reflectivities  often  exceed  60  dBZ. 


GROWTH  RATE,  KFT/MIN 


Figure  3.  Frequency  distributions  of  first  echo  bases 3  tops  and 
vertical  growth  rates  observed  in  nonsevere  storms  in  projects 
Whitetop  and  Metromex  (Missouri)  [after  Johnson  and  Dungey ,  1978], 


Study  of  upper  air  parameters  at  the  time  of  tornadoes  [David,  1976] 
shows  that  the  freezing  level  and  most  first  echoes  on  severe  storm  days 
occur  between  13,000  ft  and  14,000  ft  (about  4.3  km).  But  the  few  which 
develop  into  severe  storms  begin  much  higher — 20,000  ft-30,000  ft  (6-9  lea). 
Development  time  for  the  marginally  severe  thunderstorms  may  be  as  short  as 
15  minutes — but  storms  capable  of  producing  large  hail  and  tornadoes  probably 
take  40  to  50  minutes  to  fully  develop  vertically  and  to  produce  the  heaviest 
rain  at  the  ground.  The  first  echo  (from  severe  storms)  typically  develops 
maximum  intensity  of  30  dBZ  within  five  minutes,  exceeds  50  dBZ  intensity 
within  15-20  minutes;  and  another  15-25  minutes  elapses  during  vertically 
spreading  with  descent  to  the  ground. 

Probably  the  highest  initial  echoes  observed  in  thunderstorms  which  sub¬ 
sequently  became  severe,  occurred  in  the  Black  Hills,  South  Dakota  storm  of 
July  17,  1968  [Dennis  et  al.,  1970],  in  the  Union  City,  Oklahoma  storm  of 
May  24,  1973  [Brown  et  al.,  1976],  and  the  Colorado  storm  of  June  22,  1976 
[Harris  and  Fankhauser,  1978].  All  of  these  extremely  well-documented  storms 
developed  precipitation  initially  much  above  the  environmental  freezing  level. 

In  summary,  the  development  "window"  that  forecasters  and  controllers 
should  monitor  for  storm  origin  is  a  vertical  airspace  about  16,000  ft 
(4-6  km)  deep,  beginning  15,000  ft  (4-5  km)  above  terrain.  In  terms  of  radar 
sampling  volume,  this  corresponds  to  a  beam  axis  tilt  from  about  6.5  deg.  at 
20  n.mi.  (37  km)  to  0.5  deg.  at  110  n.mi.  (204  km).  Beyond  110  n.mi.  (204km), 
the  beam  of  the  Weather  Service's  WSR-57  radar  is  no  longer  filled  and  sig¬ 
nificant  degradation  of  signal  begins  to  occur.  The  same  effect  with  the 
Air  Traffic  Control  radars  begins  at  approximately  55  n.mi.  (102km),  partly 
because  of  wider  beams,  and  partly  because  of  the  mechanical  tilt  of  the 
antenna.  Of  course,  the  maximum  operational  range  of  ASR  radars  is  about 
60  n.mi. 


TEMPERATURE  <*C)  TIME  — ► 

Figure  4.  Approximate  terrperatures  Figure  5.  Schematic  illustration  of 
at  heights  where  first  echoes  form  the  time-height  evolution  of  the 

in  nonsevere  storms  in  Texas  [after  radar  echo  from  nonsevere  storms 

Carbone  et  al.,  1976],  [ after  Johnson  and  Dungey,  1978], 


2.2  Relation  of  Stona  Pattern  on  NWS  Radar  Reports 

Like  most  weather  observations,  radar  reports  are  "snapshot"  summaries 
of  the  state  of  the  atmosphere  as  it  exists  at  observation  time.  For  example, 
surface  wind  direction  and  speed  may  be  representative  of  only  the  last  few 
minutes,  and  variations  in  speed  are  noted  by  reporting  gustiness.  The  hourly 
radar  reports  are  often  structured  to  present  salient  characteristics  of  the 
overall  field  of  echoes.  Thus,  echo  strength,  movement,  and  height  may  be 
selected  for  reporting  because  they  represent  extreme  values  indicative  of 
severe  weather,  or  because  they  are  judged  to  be  representative  of  the  entire 
precipitation  field.  It  is  not  possible  for  observations  taken  manually  once 
or  twice  an  hour  to  depict  all  individual  thunderstorms  and  their  growth  pat¬ 
terns  accurately.  In  fact,  when  the  radar  operator  observes  strong  echoes  on 
the  PPI  and  stops  the  antenna  rotation  momentarily  to  scan  the  storms  verti¬ 
cally,  the  observed  reflectivity  profiles  may  differ  considerably,  depending 
on  the  age  of  each  storm  surveyed. 

This  variation  of  storm  height  and  intensity  is  summarized  statistically 
(figure  6)  in  data  obtained  from  five  WSR-57  radar  sites  of  the  National 
Weather  Service  in  August  and  September,  1965.  These  data  were  taken  on 
special  request  by  NSSL  to  compare  maximum  reflectivity  and  storm  top  height 
— to  determine  the  expected  error  in  estimating  height  from  surface  reflec¬ 
tivity.  The  standard  deviation  of  echo  height  estimated  from  intensity  varies 
from  5  to  8  thousand  feet  (1.5  to  2.5  km). 

The  rates  at  which  echoes  grow  and  descend  vary  with  air  mass  structure, 
which,  in  turn,  varies  seasonally  and  geographically.  The  later  is  illus¬ 
trated  in  the  analysis  of  the  standard  deviation  of  echo  tops  vs  reflectivity 
for  29  WSR-57  radars — a  one-month  sample  (figure  7).  The  coastal  data  show 
much  greater  scatter  than  those  of  the  high  plains.  The  northward  extension 
of  high  values  near  St.  Louis  (STL)  probably  reflects  the  seasonal  penetra¬ 
tion  of  low-level  Gulf  moisture  associated  with  the  storm  tracks  for  the  few 
storm  days  during  that  particular  30-day  period. 


3.  EFFECT  OF  BEAM  PATTERNS  ON  STORM  DETECTION 

Six  thunderstorm  models  were  selected  to  estimate  relative  performance 
of  FAA  and  Weather  Service  radars  in  storm  detection,  using  observed  vertical 
profiles  of  reflectivity  and  statistical  findings  of  height  of  first  echo 
growth  (cited  in  section  2) .  The  growth  and  descent  rates  of  the  precipita¬ 
tion  (figure  8)  are  commensurate  with  the  statistical  data  and  the  single 
case  studies  quoted  earlier.  Color  photographs  of  PPI  displays  of  several 
storms  observed  with  the  narrow  beam  (0.8  deg.)  NSSL  Doppler  radar  are 
included  to  illustrate  differences  in  reflectivity  stiucture  and  rate  of 
development.  These  data  were  collected  during  the  Joint  Doppler  Operational 
Project  [ JDOP  Staff,  1978]. 

Echo  growth  rates  vary  with  the  strengths  of  updrafts  and  downdrafts. 

The  cases  shown  here  illustrate  typical  time  spans  of  vertical  growth.  Six 
time  steps  of  ten  minutes  were  used  to  produce  the  vertical  reflectivity 
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Figure  6.  Composite  of  "snapshot"  measurements  of  maximum  eoho  height 
and  surface  reflectivity  for  1305  observations  made  at  five  WSR-S7 
radar  sites. 


profiles  shown  in  Figure  9.  Appendix  B  includes  data  on  the  model  reflectivity 
vs  height  profiles  at  the  time  steps.  Models  1  and  2  are  combined  to  represent 
those  showers  and  thunderstorms  that  occur  most  often  but  never  produce  severe 
weather.  For  simplicity.  Model  2  is  ignored  in  the  discussion,  and  its  charac¬ 
teristics  are  assumed  to  be  implicit  between  the  discussions  of  Models  1  and  3. 
Model  3  represents  a  type  of  storm  seen  in  Oklahoma  in  early  spring,  when 
wintertime  cold  temperatures  aloft  and  strong  winds  are  still  occurring,  and 
the  air  mass  is  destabilized  by  sudden  influx  of  warm  air  from  the  Gulf.  The 
damage  producing  storm  of  April  5,  1976,  observed  near  Hennessey,  Oklahoma  is 
shown  as  an  example  (figure  10). 
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Figure  7 .  Geographical  changes  in  the  variation  of  echo  height 
surface  reflectivity  measured  with  29  NWS ,  WSR-57  radars  for 
a  selected  one-month  period  in  August  1965. 


Figure  8.  Precipitation  growth  and  descent  patterns  used  to 
simulate  reflectivity  profiles  for  determining  effects  of 
beam  patterns  of  NWS  and  FAA  radars. 
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Figure  10.  Reflectivity  data  from 
the  narrow  beam  (0.8  deg.)  NSSL 
Poj’j'lcr  radar ,  showing  the  rela¬ 
tive!  v  low  tops  and  low  maximum 
reflectivities  associated  with 
marginalia  severe  thunderstorm 
(Model  (■',).  See  caption  of  Fig¬ 
ure  11a  for  color  reflectivity 
Ic  'els.  "!!"  is  height  of  esti- 
riati-J  stt'rn  cent  void. 


At  the  other  end  of  the  spectrum,  the  storm  designated  as  Model  6  repre¬ 
sents  those  extreme,  and  fortunately  rare  storms  which  produce  mammoth  hail 
and  large  tornadoes.  The  Union  City,  Oklahoma  storm  of  May  24,  1973  is  prob¬ 
ably  the  best  documented  of  this  class  of  storm,  although  many  other  studies 
of  similar  cases  exist.  Severe  hailstorms,  which  fall  in  categories  of  storm 
models  3,  4,  and  5,  are  described  abundantly  in  the  literature  [Marwitz,  1972], 

A  recent  example,  which  occurred  in  Oklahoma  on  April  29,  1978,  is  shown  in 
Figures  11a,  b,  and  c. 

The  procedure  followed  in  simulating  radar  detection  and  measurement  of 
these  six  storms  closely  resembles  the  technique  used  in  a  recent  study  of 
FAA  radars  by  Dobson  et  al  [1978],  which  compares  performances  of  the  NWS 
WSR-57  radar  with  ASR  and  ARSR  ATC  radars.  They  found  the  wide  beam  FAA  radars 
actually  surpass  the  narrow  beam  WSR-57  radar  (operating  at  0.5  deg.  tilt)  out 
to  a  range  of  85  km,  when  the  storm  reflectivity  peaks  above  10,000  ft  (3  km). 
At  ranges  beyond  45  n.mi.  (85  km),  the  performance  begins  to  degrade  below 
that  of  the  WSR-57  radars. 

The  principal  refinement  in  this  study  is  to  include  a  time  sequence  in 
the  development  of  the  echo,  to  compare  first  radar  detection  of  large  reflec¬ 
tivities  in  both  time  and  range.  The  calculated  responses  of  ARSR,  ASR  and 
WSR  radars  to  selected  storm  profiles  at  specified  times  and  ranges  are 
included  in  Appendix  A.  In  the  analysis  of  mature  storms  we  expect  to  see 
effects  similar  to  those  found  in  our  earlier  studies  [Wilk  et  al.,  1965; 
Zittel,  1976]  where  the  performances  of  the  ARSR,  ARTCC  radars  were  deemed 
sufficiently  accurate  for  severe  storm  surveillance.  But  how  well  do  FAA 
radars  see  developing  storms,  and  what  is  the  effect  of  range  and  altitude 
on  detection  of  first  development?  Early  detection  is  very  important  because 
National  Weather  Service  warnings  are  not  always  fully  disseminated  to  FAA 
facilities  before  storms  have  matured  and  a  danger  (to  flight)  may  exist  for 
tens  of  minutes  during  early  lifetimes  of  severe  storms. 

Model  1  -  Nonsevere  Thunderstorms 

The  most  recent,  and  probably  the  most  thorough  study  of  radar  echoes 
from  nonsevere  showers  and  thunderstorms  is  the  study  by  Konrad  [1978].  With 
data  from  the  very  high  resolution  SPANDAR  radar  at  the  Wallops  Island  Facil¬ 
ity,  he  determined  frequency  distributions  of  storm  intensities  with  altitude, 
and  the  mean  profiles  of  reflectivity  for  various  categories  of  surface  reflec¬ 
tivity  (figure  12) .  Additionally,  Konrad  concluded  that  reflectivity  maxima 
rarely  occur  above  13,000  ft  (4  km)  in  nonsevere  storms,  and  the  mean  reflec¬ 
tivity  is  less  than  45  dBZ  above  an  altitude  of  20,000  ft  (6  km).  This  is 
significant  because  it  confirms,  with  a  very  large  sample,  conclusions  ini¬ 
tially  drawn  from  case  studies  that  reflectivity  maxima  aloft  are  indications 
of  hail  (figure  13).  This  is  substantiated  also  by  recent  findings  in  South 
Africa  [Mather  et  al.,  1976]  that  hail  is  not  likely  unless  the  45  dBZ  contour 
extends  above  25,000  ft  (7.5  km),  where  the  warm  season  temperature  is  about 
-20°C  (figures  14a  and  b). 

The  reflectivity  profile  in  our  model  1  storm  (figure  9)  is  fashioned 
to  represent  the  median  of  the  nonsevere,  convective  thunderstorm,  which 
develops  randomly  in  the  conditionally  unstable  air  mass.  Sometimes  the 


individual  cells  amalgamate  to  form  a  multicell  cluster,  which  persists  for 
an  hour  or  more.  Even  then,  the  radar  echo  profile  shows  heavy  rain  only 
below  13,000  ft  -  16,000  ft  (4-5  km),  and  no  severe  weather  occurs. 


Radar  detection  and  measurement  of  this  type  of  storm  is  summarized  in 
Figure  15.  In  our  analysis,  the  antenna  gain  (G)  and  the  model  reflectivity 
(dBZ)  are  used  to  determine  the  relative  meteorological  power  factor  (MPF) , 
defined  as 


MPF 


<V  V<*i>  ZdBZ 

— 

I  (d>  )  A <t> 

i=l 


The  WSR-57  radar  measures  the  true  meteorological  power  of  the  storm  at 
maturity  (time  step  3)  to  a  range  of  20  n.mi.  (37  km).  Beyond  that  range, 
the  radar  underestimates  storm  intensity  by  about  10  dB  at  65  n.mi.  (120  km) 
and  by  30  dB  at  110  n.mi.  (204  km).  Beyond  130  n.mi.  (240  km)  the  radar  does 
not  detect  this  storm.  In  contrast,  the  FAA  ARSR-1  shows  discrepancies  of 
13  dB  and  34  dB.  The  ASR-8  low  beam  underestimates  by  up  to  10  dB  over  its 
60  n.mi.  operational  range  as  compared  to  the  WSR-57. 

Considering  the  growth  profile  of  this  nonsevere  storm  model,  and  the 
response  of  the  radar  gain  profiles,  the  following  general  conclusions  are 
drawn  from  numerical  analyses  of  this  model: 

1.  The  intensities  of  nonsevere  showers  and  thunderstorms  are  under¬ 
estimated  by  approximately  3  dB  by  the  ARSR  and  by  up  to  10  dB  by  the  ASR  as 
compared  to  the  WSR. 

2.  The  range  dependence  of  echo  intensity  from  10  n.mi.  to  60  n.mi. 
(-20-110  km)  on  the  ASR  radars  is  about  R“2.1. 

3.  All  showers  and  thunderstorms  of  this  type  are  undetectable  by  both 
ARSR  and  NWS  radars  beyond  about  130  n.mi.  (240  km). 

4.  For  the  assumed  rate  of  growth,  the  nonsevere  storm  is  seen  best  by 
NWS  and  FAA  radar  during  the  period  of  maximum  development  (time  step  2) . 

Models  3  and  4  -  Strong  to  Severe  Thunderstorms 

These  classes  of  storms  represent  the  most  common  severe  thunderstorms, 
which  produce  the  large  number  of  reports  of  light  to  moderate  damage  to 
property  and  crops.  They  are  usually  easy  to  circumnavigate,  but  are  danger¬ 
ous  to  aircraft  that  penetrate  within  the  cloud  boundary  or  that  attempt  land¬ 
ings  or  takeoffs  within  a  few  kilometers  of  the  storm.  The  storm’s  radar  echo 
(precipitation)  usually  develops  first  between  20,000  and  25,000  ft  (6.0- 
7.6  km)  and  reaches  the  ground  about  30  minutes  after  first  detection. 
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Figure  11a.  Development  of  first  echo 
on  NSSL's  Doppler  radar,  from  the 
storm  which  later  (fig.  11c)  pro¬ 
duced  large  hail  at  Ada,  Oklahoma, 

29  April  'l978.  Contours  in  all 
photographs  conveyed  reflectivity 
levels  of  helow  25  dBZ  (grey) , 

25-30  dBZ  (cyan  blue),  31-33  dBZ 
(blue),  34-40  dBZ  (blue-violet) , 
41-45  dBZ  (black),  46-50  dBZ  (pink), 
51-55  dBZ  (yellow),  56-60  dBZ 
(green),  61-65  dBZ  (red),  above 
65  dBZ  (white). 
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Figure  lie.  Mature  staae  of  coho 
development  from  the  Ada ,  Oklahoma 
hailstorm,  29  April  1978. 
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Figure  13.  (Above,  right)  Profiles  of 
mean  core  reflectivity  for  various 
categories  of  maximum  reflectivity 
[after  Konrad ,  1978 ]. 
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Figure  14.  (a)  Comparison  of  reflectivity  in  rain  only  and  hail  producing 

storms ,  and  (b)  observed  heights  of  45  dBZ  reflectivity  levels  in  rain  only 
and  hail  producing  storms. 
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Figure  15.  Reflectivity  profiles 
which  depict  the  performance  of 
the  WSR-57,  ASR-8,  and  ARSR-1 
radars  at  various  ranges  given 
model  1  storm  profile  at  time  30 
(when  heavy  rain  has  reached  the 
ground) . 

Rote:  Maximum  ASR-8  operational 
display  range  is  60  n.mi. 

Weather  beyond  67.5  n.mi.  may 
display  ambiguously  if  suffi¬ 
ciently  strong  to  override  STC 
effect.  Perturbations  in  curves 
are  caused  by  stepped  input 
storm  profile  data. 


Core  reflectivity  exceeds  50  dBZ  and  remains  a  maximum  at  a  height  of  20,000 
to  25,000  ft  until  the  storm  begins  to  dissipate. 


During  the  10  to  20  minutes  of  initial  storm  development,  the  WSR-57 
radar  (operating  at  one  degree  tilt  or  less)  undershoots  most  of  the  precipi¬ 
tation,  whose  echo  intensity  is  less  than  20  dBZ.  When  heavy  rain  reaches 
the  ground  (time  step  3) ,  the  WSR-57  radar  measures  within  5  dB  of  the  true 
storm  intensity  at  ranges  between  65  n.mi.  (120  km)  and  110  n.mi.  (204  km); 
and  when  rain  and  hail  are  heaviest  at  the  ground  (time  step  4)  and  severe 
weather  most  likely,  the  WSR-57  radar  measures  greater  than  45  dBZ  at  all 
ranges  between  20  n.mi.  (37  km)  and  60  n.mi.  (Ill  km). 


In  contrast,  the  ASR  radars  detect  the  storm's  potential  for  severity 
(45  dBZ)  one  time  step  (3)  sooner  than  the  WSR-57.  No  undershoot  is  experi¬ 
enced  within  about  30  n.mi.  Between  20  n.mi.  (37  km)  and  60  n.mi.  (Ill  km) 
the  perceived  radar  reflectivity  varies  nearly  as  R~2»3. 


The  capability  of  the  ARSR  radar  is  nearly  the  same  as  the  WSR-57  radar, 
except  it  detects  the  intensifying  storm  a  few  minutes  earlier,  and  degrades 
slightly  faster  with  range. 


Models  5  and  6  -  Very  Severe  Thunderstorms 

This  class  of  thunderstorms  warrants  public  (and  aviation)  warnings 
because  of  its  capability  to  produce  large  hail,  tornadoes,  and  organized 
line  squalls  of  heavy  rain  and  damaging  wind  (gust  fronts).  Recent  measure¬ 
ments  with  Doppler  radars  have  disclosed  well-organized,  cyclonic  circulations 
(mesocyclones)  which  accompany  some  of  these  storms  and  provide  the  intense 
convergence  needed  for  large  tornadoes  [Burgess,  Lemon,  1976] . 
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The  greatest  dangers  to  aviation  accompanying  this  type  of  storm  are 
large  hail  that  may  be  carried  some  distance  from  the  storm  center,  and  the 
strong  gust  front  and  associated  turbulence  that  moves  ahead  of  the  downdraft 
as  it  spreads  laterally  over  a  distance  of  several  miles. 

The  first  echo  that  portends  the  development  of  this  class  of  severe 
thunderstorm  begins  very  high — about  25,000  to  30,000  ft  (7. 6-9.1  km).  Since 
severe  storm  updrafts  are  very  strong  and  persistent,  the  reflectivity  increases 
quickly  as  graupel  collects  supercooled  cloud  and  raindrops.  Strong  wind 
shear,  frequently  associated  with  severe  storms,  separates  newly  formed  pre¬ 
cipitation  and  downdraft  air  from  the  updraft,  and  helps  establish  the  meso- 
cyclone  circulation.  The  storm’s  radar  signature  often  appears  as  a  hook 
echo,  substantiated  by  Doppler  radar  as  a  rainfall  pattern  indicative  of  an 
organized  circulation  [see  Burgess  and  Brown,  1973]. 

Without  Doppler  capability,  the  NWS  and  FAA  radars  cannot  perceive  meso- 
cyclone  beginnings,  but  present  (as  a  warning)  only  the  rapidly  intensifying 
echo.  The  ASR  radars  detect  this  type  of  storm  well — showing  about  10  minutes 
before  the  WSR-57  detects  the  same  precipitation  when  it  reaches  a  much  lower 
altitude.  Beyond  67.5  n.mi.  (125  km),  the  storms  may  display  on  the  ASR  ambig¬ 
uously  as  "multiple  trip”  echoes  when  sufficiently  strong  to  override  the  STC 
effect,  and  may  obscure  and  complicate  the  display  of  any  nearby  storms. 

On  the  ARSR  radars,  model  5  and  6  storms  appear  strong  to  a  range  of 
130  n.mi.  (241  km),  which  is  the  maximum  quantitative  reporting  range  for 
the  NWS’  WSR-57  radar. 


4.  SUMMARY  FOR  STRONG,  SEVERE,  AND  VERY  SEVERE  THUNDERSTORMS 

The  analysis  of  strong,  severe,  and  very  severe  thunderstorm  reflectivity 
profiles  (models  3  through  6)  suggests  the  following  conclusions: 

1.  The  FAA  ARSR  radars  have  distinct  advantage  (because  of  their  wide 
vertical  beams)  in  their  early  detection  of  all  severe  thunderstorms 
that  develop  within  85  n.mi.  (157  km);  beyond  that  range  the  meas¬ 
ured  intensity  decreases  steadily,  with  a  range  dependency  (varying 
with  storm  intensity)  of  R“2«3  to  R~4.5. 

2.  The  ASR  radars  are  hampered  by  multiple  trip  returns  whenever  severe 
storms  occur  at  ranges  between  70  n.mi.  and  140  n.mi.  (130-259  km). 

3.  ASR  radars  show  echoes  from  severe  storms  by  displaying  40  dBZ  inten¬ 
sity  or  greater  during  the  building  stage.  Later,  when  the  surface 
rainfall  rate  is  at  a  maximum,  the  displayed  intensity  decreases. 

This  may  falsely  indicate  storm  weakening.  Severe  conditions  should 
be  assumed  for  at  least  an  additional  20  minutes,  or  until  the  dis¬ 
played  intensity  falls  below  25  dBZ. 
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4.  On  the  ARSR  radars,  the  displayed  intensity  of  severe  storms  exceeds 
40  dBZ  at  ranges  within  about  110  n.mi.  (204  km).  Beyond  110  n.mi. 
(204  km),  the  displayed  intensity  maximizes  while  the  storm  is  devel¬ 
oping  and  then  begins  to  decrease  at  about  the  time  when  severe 
weather  occurs  at  the  ground.  The  storm  should  be  assumed  severe 
for  about  20  minutes  after  the  echo  intensity  maximizes. 


5.  CONCLUSIONS 

FAA  radars  are  not  now  optimized  for  detecting,  measuring  and  displaying 
return  from  precipitation.  Light  rainshowers  are  not  displayed  when  MTI  and 
CP  are  used. 

FAA  radars  detect  the  heaviest  precipitation  within  severe  thunderstorms 
to  a  range  of  about  130  n.mi.  (241  km)  for  ARSR  and  60  n.mi.  for  ASR. 

The  measured  reflectivity  on  FAA  and  NWS  radars  from  the  heaviest  pre¬ 
cipitation  within  severe  thunderstorms  varies  considerably  with  range  and 
with  growth  cycle  of  the  storm.  (For  characteristic  variations  with  model 
storms  analyzed,  see  Appendix  A.) 

With  developing  severe  storms  within  65  n.mi.  (120  km),  the  FAA  radars 
display  larger  and  more  intense  echoes  than  the  WSR-57  radar  operating  with 
no  antenna  tilt.  When  the  storm  is  most  intense,  with  descending  tops,  and 
heavy  rain  and  hail  (and  strong  winds)  are  likely  to  be  occurring  at  ground 
level,  the  FAA  radars  measure  somewhat  less  reflectivity  than  the  NWS  WSR-57 
radar . 

Because  of  seasonal  and  geographical  variations  of  the  heights  and  inten¬ 
sities  of  severe  thunderstorms,  the  relative  performance  of  the  FAA  and  NWS 
radars  varies.  When  the  moisture  content  is  small  and  the  tropopause  low,  the 
storms  may  have  relatively  low  tops  and  be  seen  differently  by  FAA  and  NWS 
radars . 

The  very  large,  intense  storms  known  as  "super  storms”  because  of  their 
organized  flow  patterns  and  production  of  large  hail,  tornadoes,  and  danger¬ 
ous  gust  fronts,  show  intense  echoes  on  FAA  radars  prior  to  severe  weather 
better  than  NWS  radars  operating  without  tilt. 

Again,  the  use  of  special  techniques  reduces  the  Intensity  of  severe 
storm  echoes  (i.e.,  MTI,  C.P.)  and  complicates  the  interpretation  of  the  FAA 
radar  displays.  (See  INTRODUCTION  for  possible  improvements.) 

Another  degrading  effect  is  the  use  of  STC  waveforms  that  are  adjusted 
differently  at  each  FAA  radar  facility  for  best  aircraft  detection.  STC  com¬ 
pensation  for  weather  is,  however,  being  Incorporated  into  new  equipments. 

The  higher  PRF,  and  resulting  short  range  of  the  ASR  radars  compromises 
use  of  this  radar  for  severe  storm  surveillance  because  the  return  from 
severe  storms  is  sufficient  to  be  detected  as  second,  and  sometimes  third 
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trip  return.  This  may  complicate  the  display;  and  coordination  by  telephone 
between  controllers  and  forecasters  may  become  difficult.  (See  INTRODUCTION 
for  possible  corrections;  also  see  Phase  1  NSSL  report  by  Zittel  [1978]  for 
discrimination  of  multiple  trip  weather  with  PRF  staggering  and  angular  shaped 
distortion.) 

If  the  examples  of  reflectivity  profiles  used  in  this  analysis  are  accepted 
as  representative  of  most  severe  storms,  the  reflectivity  levels  best  suited 
for  display  on  the  ASR  radar  are  approximately  20  dBZ  and  40  dBZ.  Appearance 
of  the  first  level  should  signal  the  controller  to  seek  advice  from  the  NWS 
forecaster  concerning  expected  intensification.  The  appearance  of  the  second 
level  should  be  considered  as  a  warning  to  the  controller  that  severe  weather 
(hazardous  to  flight)  may  develop  within  minutes  and  aircraft  in  the  vicinity 
should  be  so  advised.  A  further  discussion  with  the  ARTCC  forecaster  should 
follow  as  soon  as  possible. 

Because  of  the  influence  of  various  air  mass  characteristics  on  storm 
structure,  controllers  should  receive  a  briefing  by  a  qualified  forecaster 
concerning  the  type  of  activity  expected.  If  echoes  on  the  FAA  radars  do  not 
agree  with  those  expected  (from  the  weather  briefing),  or  indicated  by  the 
briefer  as  being  displayed  by  the  NWS  radar,  the  controller  should  seek  an 
explanation,  or  an  updated  advisory.  In  some  cases,  the  NWS  forecaster  may 
advise  controllers  to  consider  the  first  level  displayed  as  indicative  of 
severe  weather,  because  the  precipitation  echo  is  expected  to  be  unusually 
weak,  or  because  the  development  to  severity  is  expected  to  be  exceptionally 
rapid. 


SUPPLEMENTARY  REMARKS 

There  are  endless  variations  in  reflectivity  profiles  and  associated 
effects  on  echoes  displayed  by  air  traffic  control  radars.  Many  conditions 
can  be  estimated  in  some  detail  from  calculations  illustrated  in  this  report. 
However,  that  would  serve  no  real  purpose,  since  reflectivity  details  can  not 
be  elucidated  in  real  time. 

In  light  of  inherent  uncertainties,  users  should  be  cautious  in  their 
interpretations  of  radar  measurements  and  should  seek  to  match  ATC  radar  dis¬ 
plays  to  severe  storm  advisories  received  from  NWS  radar  offices.  The  sur¬ 
veillance  meteorologists  now  positioned  at  ARTCC' s  are  faced  with  coordinating 
observations  from  NWS  and  FAA  radars.  This  brief  analysis  should  help  prepare 
them  for  this  task.  There  are  no  "magic  numbers"  to  separate  severe  and  non- 
severe  thunderstorms.  Sometimes  the  Intensification  is  gradual,  and  the 
interpretation  of  severity  is  probabilistic.  On  rare  occasions,  growth  is  so 
rapid  (less  than  IS  minutes)  there  is  not  time  to  disseminate  warnings  in  the 
present  advisory  system.  Gradually,  new  knowledge  will  be  added  on  storm 
structure,  which  will  improve  criteria.  The  development  of  Doppler  measure¬ 
ments  will  be  a  significant  step  forward  in  the  direct  sensing  of  wind  and 
turbulence  [Lee,  1977].  It  will  be  many  years  before  we  automate  the  insight 
offered  by  a  meteorologist  who  translates  a  variety  of  meteorological  measure¬ 
ments  within  the  framework  of  the  air  traffic  control  system.  But  we  can 
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expect  Immediate  improvement  in  the  timeliness  and  accuracy  of  severe  storm 
advisories  to  controllers  and  pilots  if  meteorologists  are  provided  with 
modern  displays  of  both  NWS  and  FAA  radars,  and  if  a  common  language  and 
understanding  of  warning  criteria  are  agreed  upon. 
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APPENDIX  A 

The  Response  of  the  ARSR-1L,  ASR-8,  and  WSR-57  Radars 
to  Selected  Storm  Profiles  at  Specified  Times  and  Ranges 
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30 

ASR-8  Low-High* 

Profiles  1,  3,  4,  5,  6 

Time  30  min. 

30 

ASR-8  Low** 

Profiles  1,  3,  4,  5,  6 

Time  30  min. 

30 

WSR-57 

Profiles  1,  3,  4,  5,  6 

Time  30  min. 

31 

ARSR-1L 

Profile  6  -  3000  meters 

Cell  center  hgt 

Times  40,  50, 
and  60  min. 

31 

ASR-8  Low-High* 

Profile  6  -  3000  meters 

Cell  center  hgt 

Times  40,  50, 
and  60  min. 

31 

WSR-57 

Profile  6  -  3000  meters 

Cell  center  hgt 

Times  40,  50, 
and  60  min. 

31 

ARSR-1L 

Profiles  3,  4 

Time  40  min. 

32 

ARSR-1L 

Profiles  1,  3,  4,  5,  6 

Time  30  min. 

32 

ASR-8  Low-High* 

Profiles  3,  4 

Time  40  min. 

32 

ASR-8  Low** 

Profiles  3,  4 

Time  40  min. 

32 

WSR-57 

Profiles  3,  4 

Time  40  min. 

33 

WSR-57,  ARSR-1L 

Time  Profiles 

R  ■  160  km 

33 

ASR-8  Low 

Time  Profile 

R  ”  80  km 

*  ASR-8  Low-High  transmits  on  low  beam  and  receives  on  high 
beam.  It  is  only  utilized  over  ground  clutter  with  range- 
azimuth  gating  (RAG) . 

**  Maximum  ASR-8  operational  range  is  60  n.mi.  Weather 
beyond  67.5  n.mi.  may  display  ambiguously  if  suffi¬ 
ciently  strong  to  override  STC  effect. 

NOTE:  Perturbations  in  response  curves  are  caused  by 
stepped  input  storm  profile  data. 
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APPENDIX  B 

Model  Storm  Profile  Data 


PROFILE  1 

(dBZ  vs  Height  for  each  Time  Frame) 
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PROFILE  3 


(dBZ 

Height  Kft 

vs  Height 

for  each  Time  Frame) 
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PROFILE  5 

(dBZ  vs  Height  for  each  Time  Frame) 
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50 

3.0 

50 

4.0 

10 

50 

5.0 

10 

50 

6.0 

20 

50 

7.0 

30 

50 

8.0 

30 

50 

9.0 

30 

50 

10.0 

30 

50 

11.0 

40 

55 

12.0 

40 

55 

13.0 

50 

55 

14.0 

50 

50 

15.0 

50 

50 

16.0 

50 

40 

17.0 

50 

40 

18.0 

50 

30 

19.0 

10 

50 

30 

20.0 

10 

10 

50 

30 

21.0 

10 

10 

50 

30 

22.0 

10 

10 

10 

55 

20 

23.0 

10 

20 

20 

60 

20 

24.0 

20 

20 

20 

55 

20 

25.0 

30 

30 

20 

50 

20 

26.0 

30 

30 

30 

50 

20 

27.0 

30 

30 

30 

50 

10 

28.0 

30 

40 

30 

50 

10 

29.0 

40 

40 

30 

50 

10 

30.0 

30 

50 

40 

40 

10 

31.0 

30 

50 

40 

40 

10 

32.0 

30 

50 

50 

40 

10 

33.0 

20 

50 

50 

30 

34.0 

20 

50 

50 

30 

35.0 

10 

50 

50 

30 

36.0 

10 

40 

50 

30 

37.0 

40 

55 

20 

38.0 

30 

50 

20 

39.0 

20 

50 

10 

40.0 

10 

40 

10 

41.0 

10 

30 

10 

42.0 

30 

43.0 

20 

44.0 

20 

45.0 

10 

46.0 

10 

10 

20 

30 

40 

50 
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PROFILE  6 

(d&Z  vs  Height  for  each  Time  Frame) 


Height  K  ft _ Time  -  Minutes  _ 

_  10 _ 20 _ 30 _ 40 _ 50  60 


0.1 

1.0 

4.0 

5.0 

8.0 

10.0 

11.0 

12.0 

14.0 

15.0 

17.0 

18.0 

19.0 

21.0 

22.0 

23.0 


25.0 

10 

27.0 

20 

10 

28.0 

20 

10 

29.0 

30 

20 

31.0 

30 

30 

32.0 

40 

30 

33.0 

30 

40 

34.0 

30 

50 

35.0 

30 

50 

36.0 

20 

55 

37.0 

20 

50 

38.0 

10 

50 

39.0 

10 

50 

40.0 

40 

41.0 

30 

42.0 

30 

43.0 

30 

44.0 

20 

45.0 

10 

46.0 

47.0 

48.0 

49.0 

50.0 

51.0 

52.0 

53.0 

54.0 

55.0 

56.0 

57.0 


50 

50 

50 

60 

10 

60 

10 

60 

10 

70 

20 

70 

20 

70 

30 

70 

30 

70 

10 

30 

70 

10 

40 

70 

20 

40 

70 

20 

40 

75 

20 

50 

70 

30 

50 

60 

10 

30 

50 

60 

10 

30 

60 

60 

20 

40 

60 

50 

30 

40 

70 

50 

30 

50 

70 

50 

30 

50 

70 

50 

40 

50 

70 

50 

50 

50 

70 

40 

50 

50 

70 

40 

50 

60 

70 

40 

50 

60 

70 

40 

55 

70 

70 

30 

55 

70 

60 

30 

55 

70 

60 

30 

50 

70 

50 

30 

50 

70 

50 

30 

50 

70 

50 

20 

50 

70 

50 

20 

50 

70 

50 

20 

40 

60 

40 

10 

30 

60 

40 

10 

20 

50 

30 

10 

10 

50 

30 

10 

10 

40 

30 

10 

30 

20 

30 

20 

20 

10 

20 

10 

10 

10 

10 

10 
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